The gas-phase structures of NHa and NDa molecules were determined by the sector-rnicrophotometer method of electron diffraction. The following internuclear distances r. =0.101±0.OO6 A, with the parameter K representing bondstretching anharmonicity fixed at 1.0XlO-s and 0.5XlO-6 Aa for N-H and N-D, respectively. Effects of anharmonicity and isotope differences in the structural parameters analogous to those in CH. and CD. were observed. The Tao and T, bond distances calculated from the above T. distances are found to be consistent with the corresponding r. and r, distances derived from the spectroscopic rotational constants of Benedict and Plyler. The isotope effects reported by Bell and by Halevi for the dipole moment and polarizability of ammonia are discussed briefly in the light of the present results.
INTRODUCTION
The internuclear distances of NHa and NDa were determined by gas electron diffraction by Bastiansen and Beagley,! who investigated the isotope differences in the structure and in the mean vibrational amplitude. They found that the N-H and N-D bond distances (Ta) were essentially equal (1.0191±0.0024 A for N-H and 1.020 2 ±0.002 4 A for N-D), and that the effective HNH angle (109.1° ± 1.0°) was about 3 degrees greater than the effective DND angle (l06.1°±1.00). No significant anharmonicity of the bond-stretching vibration was detected. The above results for NHa and NDa were apparently in striking contrast to the effects of anharmonicity observed for CH4 and CD4 by Bartell, Kuchitsu, and deNeui 2 and this made Bastiansen and Beagley remark that the vibrational properties of the two pairs of compounds appeared to be different. They made no attempt to compare their results with the structures determined by spectroscopy, although in the earlier work of Almenningen and Bastiansen a the peak value of the N-H radial-distribution curve, 1.015 A, was claimed to be in good agreement with the effective To value, 1.014 A, determined by infrared spectroscopy.4
• Work was performed, in part, in the Ames Laboratory of the U. S. Atomic Energy Commission. Contribution No. 2420. The purpose of the present experimental study is to investigate the hydrogen-deuterium isotope effect on the structure and to compare the electron-diffraction structures with those obtained from infrared spectroscopy by Benedict and Plyler,S who reported the To Electron-diffraction photographs were taken at room temperature using the apparatus at Iowa State University.2 The 40-kV electrons of the 0.36-JLA beam current were scattered by gas molecules, and the diffraction patterns were recorded on 4X5-in. Kodak process plates through an T a sector. The samples were introduced into the diffraction chamber through a platinum nozzle with throat dimensions of 0.3 mm diam and 0.9 mm length. Initial sample pressures were 40 and 60 torr, respectively, for the long camera (21 cm) and short camera (11 cm) distances. Exposure times varied from 11-15 sec for the long camera distance and 30-50 sec for the short camera distance. Care was taken to record the photographs for the hydride and deuteride samples at identical settings of the apparatus in order to avoid systematic errors.
The photographic plates were read with a microphotometer-converter system,7 and relative electron intensities were obtained by a method described previously.2 The molecular intensities obtained from the long (qmin",12) and short (qmax",130) camera distances agreed in the overlapping region (q=29-49) within the limit of their experimental uncertainties [about 0.001 in M(q) values]. A small and uniform correction was made for the extraneous scattering at larger scattering angles (q>",100).
ANALYSIS
The radial distribution curves fer) shown in Fig. 1 were calculated with small corrections for nonnuclear scatteringS based on theoretical scattering factors for nitrogen9 and hydrogen atoms lO and with an artificial damping factor of exp[ -0.0023 (1I"qj10) 2] . Isotope effects on the f(r) curves similar to those observed for CH 4 and CD 4 are apparent. The N-H and N-D peaks are slightly distorted from Gaussian, indicating the effect of anharmonicity in the bond-stretching vibrations12 (Fig. 2) . The order of systematic distortion, with an effective parameter of asymmetry a of 3 A-I, is similar to that found in the C-H and C-D radial distribution peaks2 in CH 4 and CD4• On the other 12 It is difficult to estimate the degree of anharmonicity precisely from the deviation of the N-H and N-D radial distribution peaks from a Gaussian shape, among other reasons, because the peaks are probably influenced by the systematic error in the molecular intensity (see text). Least-squares analysis on molecular intensities in which K was varied did not converge to reliable values for this anharmonicity parameter. Nevertheless, there is no question that a major part of the uniform deviation of the N-H peak from Gaussian shown in Fig. 2 is a real effect of bond-stretching anharmonicity. hand, the H-H and D-D peaks appear to be nearly symmetric when the contribution from the bonded distance on the left side of the peak is subtracted, in spite of the previous observations and conjecture. L3 This approximate symmetry is expected from a simple theoretical calculation, which shows that the effect of inversion 13 should not distort the peak significantly. Several different methods were applied to the leastsquares analysis of the intensity data with the following theoretical expressions for the molecular intensity,14
It was found crucially important to include a nonzero K value for the bonded distance in order to determine its ra value accurately. The correlation between the K and ra parameters 14 was so strong that a change in K of ±lX 10-5 A3 caused the ra(N-H) and ra (N-D) to shift by ±0.OO26 and ±O.0033 A, respectively.
The total intensities obtained from the short and long camera distances were first fitted separately by the theoretical expressions using analytical background functions with polynomials of various degrees.1l.15 The output ra values from the long camera distance (fer fixed K parameters) were consistently longer than those from the short camera distance by about 0.25%, indicating the presence of a slight systematic error, which may have been caused by a magnetic disturbance of the sector ball-bearing race used in the experiment as discussed elsewhere. 7 For this and other reasons, an alternative leastsquares analysis on the molecular intensity curve14 with the data from the two camera distances joined together at q=40 did not converge to any reasonable K values when the K parameters were varied freely; the analysis resulted in ,,(N-H) = (2.0±0.2) X 10-5 Aa with ra(N-H) =1.027 A and K(N-D) = (1.4±0.2) X 10-5 A3 with ra(N-D) = 1.026 A. Since the K parameters were extremely sensitive to small systematic errors, it was difficult to estimate reliable K and ra values from this analysis.l 6 However, the ra values were obtained with no difficulty once the K values were fixed to the values expected for a Morse oscillator. These values, (1.0± 0.4) X 10-5 A3 and (0.5±0.2) X 10-5 A3 for N-H and for N-D, respectively, were based on the formula 17 -19 (2) with an estimated a value of 2.5±0.5 A-I. The variations in the output parameters of the analyses by different methods and with different statistical weights assigned to individual observations, the uncertainties in the scale factor, and the uncertainties in the K values were taken into the estimates of the errors in the structural parameters listed in Tables I and II , where final results of the ra and rg distances and the mean amplitudes are given. The observed and the best-fit molecular intensities are shown in Fig. 3 .
In all the above analyses with the K(N-H) parameter taken about twice as large as K (N-D) The mean amplitudes derived from the least-squares analysis were corrected for the failure of the Born approximation 20 and were converted into te parameters.
The correction for the Born failure 21 involves values for 8 in exp( -8s 2 ) , of 2.7)( 10-4 and 2.5)( 10-4 A2 for N-H and N-D, respectively. The mean amplitudes listed in Table II 
COMPARISON WITH SPECTROSCOPIC STRUCTURE
The rg distances obtained in the above analysis were converted into ran distances by using the relation 24
where
The perpendicular amplitudes 25 7) were calculated by using the cubic constants derived from the experimental values by Benedict and Plyler 5 (the set "obs" in Table 6 
ISOTOPE EFFECTS ON OTHER OBSERV ABLES
Deuterium isotope effects play an important role in the diagnosis of reaction mechanisms. Since they are frequently difficult to interpret in detail, a large amount of effort has gone into the study of isotope effects on physical and chemical properties of substances in the hope that some insight will be gained. In the course of such studies, ND3 has been found to have a larger dipole moment (by 0.015 D)30.31 and a lower electrical polarizability (by 0.2 cm 3 jmole)3o.31 than NH 3 . Also, by analogy with amines, the deutero compound is expected to be more basic. 32 Halevi has tentatively accounted for the shifts in dipole moment and polarizability in terms of a flatter structure for NH3 than ND3 and longer N-H than N-D bonds, respectively.33 His approximate scheme for using anharmonicity constants to estimate mean atomic displacements from equilibrium positions at OOK yielded the values 0.008 A for (!J.r) and + 1.42° for (Aa) of NH 3 , and 0.006 A and + 1.11 ° for ND3. These values were questioned by Bartell,34 who applied Ehrenfests' theorem to a model force field and obtained 0.0224 A35 and -1.26° for NH 3 , and 0.0167 A35 and -0.92° for ND 3 . The corresponding values deduced from the experimental cubic constants by a first-order perturbation calculation are listed in Table IV . They confirm that (!J.r) is substantial but, unfortunately, they do not unequivocally NH, Set Ib Set II ND3 Set I Set II • Calculated at room temperature. Units: (Ql) and (Q,) in amu 11 ' ·1.
(Dos) and (Ar) in angstroms. b Sets I and II correspond to the sets of cubic constants listed in resolve the problem of the isotope effect on the apex angle and its possible relation to the dipole moment.
There can be no doubt that the values of (Aa) on Table IV are based on considerably firmer evidence than are the earlier estimates of Halevi and Bartell. The difficulty lies in the relatively great uncertainties in the experimental cubic constants k2l1 and, more importantly, k 244 • From the order of magnitude of these uncertainties (inferred from the inconsistencies in Tables  6 and 7 of Ref. 6) we conclude that the derived values of (Aa) may be in error by as much as a degree. Model force fields are also subject to large uncertainties. Although stretching anharmonicities are now quite well understood, virtually no generalities have been established for bending anharmonicities. If ammonia's reliably known quadratic force field is supplemented by adding a Morse-like bond-stretching anharmonicity, a reasonable value (Ar) is obtained, but the calculated value for (Aa) becomes -1.6 1° for NH 3 . This gives a mean angle which is almost certainly far too small.
The isotope effect on the polarizability seems to be reasonably well explained by the bond length shift A (!J.r), according to Halevi. 31 On the other hand, if the almost negligible values of (Aa) suggested by the experimental cubic constants are correct, the isotope effect on the dipole moment may be inadequately accounted for by Halevi's proposed anharmonic contribution (aJ.l/aa) e (Aa) alone. The contributions A theory is developed to interpret the unusual temperature dependence of the g-tensor splittings-the electron paramagnetic resonance lines narrow slightly as they merge into a single line-observed in the paramagnetic organic crystal p-phenylenediamine-chloranil. Dipolar interactions are shown to delocalize the magnetic excitations over magnetically inequivalent chains of radicals. The g tensor for a delocalized excitation is calculated in terms of the g tensors of the radicals over which it is delocalized. The splittings decrease, and finally vanish, as the interchain dipolar field becomes sufficiently strong to delocalize the excitation entirely. The dipolar field strength depends on temperature through the strong magnetic dilution arising from large, antiferromagnetic, intrachain exchange. The theory, which accounts for the entire temperature range of the spectrum, is contrasted with the qualitatively different line merging predicted by random modulation among fixed frequencies (i.e., localized excitations), which necessarily leads to an initial line broadening greater than the line shift.
I. INTRODUCTION
Hughes 1 • 2 has recently observed the electron paramagnetic resonance (EPR) spectrum of singlecrystal p-phenylenediamine-chloranil (PDC). The three EPR lines due to magnetically inequivalent chains of radicals merge smoothly into a single line as the temperature is raised. The temperature dependence of the spectrum is very unusual: the widths of the individual lines decrease during the line merging. The collapse of splittings as a function of an external parameter such as temperature, viscosity, or radical concentration is often observed in both NMR and EPR. Theoretical models 3 -s based on random modulation at least qualitatively account for the collapse of previously observed splittings. Such theories, however, require that the lines broaden as they merge, with an initial broadening larger than the line shift.
